Introduction
Femtosecond time-resolved interferometry has been proposed in 1982 by Halbout and Tang [1] . This technique has proved to be a powerful tool in the broad field of laser-matter interaction since it is able to resolve the laser-induced transient modification of the complex refractive index of a sample. For instance, applications have been developed in nonlinear optics [1] [2] [3] [4] , laser-dielectric interaction [5] [6] [7] , THz optical switching [8] and THz acoustics [9, 10] .
Double-path interferometers have been the first setups used in femtosecond time-resolved interferometry, notably the Mach-Zehnder [1-3, 6, 9] and Michelson [11] interferometers, where the position of the reference mirror is controlled with an active feedback loop. On the other hand, common-path interferometers have emerged in the 90's [8] . Two widespread ways to generate the reference and probe pulses consist either in inserting a beamsplitter before the sample [4, 5, 13] or in using a Sagnac interferometer [10, 12, 14, 15] . Depending on the temporal delay between the reference and probe pulses in the common-path interferometer, either the perturbation of the complex refractive index [4] [5] [6] [7] [8] or its temporal derivative [7] is measured. Ten years ago, van Dijk et al. [16, 17] have proposed an alternative approach. The beamsplitter used in a Sagnac interferometer to create the reference and probe beams has been replaced by a birefringent crystal which generates a pair of phase-locked pulses with orthogonal polarization. The temporal delay between the reference and probe pulses is then imposed by the birefringence of the crystal and by its thickness. This in-line interferometer is extremely stable and easy to align, leading to a high fringe contrast. Following this pioneering work, other groups have developed similar interferometers [7, 18] . Sarpe et al. have proposed to use additional birefringent crystals after the sample to reduce the delay between reference and probe pulses down to 200 fs before recording interferences in the spectral domain [7] . However, all the aforementioned common-path interferometers employing birefringent crystals have only been used in a transmission mode. Furthermore, two birefringent crystals are used: One temporally separates the reference and probe pulses whereas the second recombines them. An active control of the temperature of both crystals is thus required to ensure stability of the interferometer [17] .
In this article, we present a fully passive in-line femtosecond time-resolved common-path interferometer in reflection mode where a single birefringent crystal is used. This crystal first temporally separates the reference and probe pulses and then recombines them to get interferences. The reflection mode is ideally suited to study opaque samples [9, 10, 19, 20] or to perform time-resolved Brillouin spectroscopy [21, 22] . The article is organized as follows. In Section 2, we describe the interferometric pump-probe setup and we present the principle of operation of the interferometer. In Section 3 the Jones formalism is used to show how the pump-induced modification of the real and imaginary parts of the complex reflection coefficient of the sample can be inferred independently. In Section 4, we illustrate the performance of the interferometer through picosecond opto-acoustic measurements on a thin film. The volume strain and the surface displacement induced by the longitudinal acoustic waves propagating back and forth in a thin film are detected with the common-path interferometer. Figure 1 shows the interferometric femtosecond pump-probe setup. The laser source is a compact dual-oscillator (t-Pulse Duo, Amplitudes Systèmes, France) [23]. The pump-probe setup relies on the asynchronous optical sampling technique (ASOPS) where the pump-probe delay is generated by using two pulsed lasers at slightly different repetition rates [24, 25] . The probe and pump lasers deliver 330 fs pulses at 1027 nm and 430 fs pulses at 1040 nm, respectively.
Interferometric femtosecond pump-probe setup
The beating frequency Δ f = 500 Hz between the probe laser repetition frequency f = 48 MHz and the pump laser repetition frequency f + Δ f is generated by a frequency synthesizer and is stabilized using an active feedback loop [26] . The resulting temporal resolution in pump-probe measurements is close to 1 ps over a 20 ns temporal window [25]. The in-line femtosecond common-path interferometer in reflection mode is inserted in the pump-probe setup. The optical element playing a central role in this interferometer is the birefringent crystal [17] . All angle values used hereinafter are given relatively to the fast optical axis of the birefringent crystal. The linear polarization of the pulse P I incident on the crystal is oriented at −45 degrees by a half-wave plate (HWP2). Due to different ordinary and extraordinary refractive indices of the crystal, two time-delayed pulses -the reference pulse P R and the probe pulse P S -emerge at the crystal output and are linearly polarized along its fast and slow optical axes, respectively. A 5 mm-thick calcite crystal have been used, leading to a 3 ps-temporal delay between the two generated pulses [27] . A ×20 microscope objective focuses the pulses P R and P S on the sample and collects them after reflection. The strength of this interferometer is to use a single birefringent crystal first to temporally separate the pulses P R and P S before they probe the sample and second to recombine them after their reflection on the sample to interfere. Before passing through the same calcite crystal, the backward optical path is separated from the forward optical path by the non-polarizing beamsplitter NPBS2. After the half-wave plate HWP3 oriented at 45 degrees, the pulse P R and P S have their linear polarization swapped. Thus, after the backward passage inside the calcite crystal, the pulses P R and P S are temporally overlapped. These pulses are sent into an analyzer composed of a quarter-wave plate (QWP, angle φ ) and a polarizer (Pol, angle θ ). The pulse at the output of the polarizer results from the interference between the electric fields of pulses P R and P S . An amplified silicon differential photodiode PD (Thorlabs, model PDB450C) directly measures the intensity of the interference state at the output of the polarizer.
Let us remind that before the first passage through the calcite crystal, the incident pulse is polarized at −45 degrees. The generated reference and probe electric fields after the second passage in the crystal thus have same amplitude, and interferences with a maximum contrast are ensured. In the absence of excitation, the temporal recombination of the pulses P R and P S leads to a unique pulse P O linearly polarized at 45 degrees. Now a detailed description is given on how the pump-induced perturbation to the interference state is detected. In the following, the time zero is defined as the overlap between the pump and the probe pulses. The half-wave plate HWP1 aligns the linear polarization of the pump along the fast or the slow optical axis of the crystal to get a single pump pulse at the crystal output. In the following, the polarization of the pump pulse has been arbitrarily chosen along the slow axis of the crystal. The pump pulse passes through the same microscope objective as the pulses P R and P S and is focused on the sample. The perturbation of the optical properties of the sample induced by the absorption of the pump pulse modifies both amplitude and phase of the electric fields of both reflected reference and probe pulses. Since pulses P R and P S are 3 ps time-delayed at the sample position, the perturbation of the electric field of the two pulses P R and P S are slightly different. Therefore, after the second passage inside the calcite crystal, the polarization of the recombined pulse P O becomes elliptical or is still linear but with a rotated angle [17] . For pump-probe delays higher than 3 ps, the interference state at the output of the analyzer thus carries information on the temporal derivative of the perturbed optical reflection coefficient. As it will be detailed in Section 3, depending on the angle of the quarter-wave plate and of the polarizer, the derivative of either the real or the imaginary parts of the perturbed optical reflection coefficient can be measured independently. In the spectral domain, this time-resolved interferometer behaves as a band-pass filter. The lower cutoff frequency comes from the sensitivity to the derivative of the perturbation and the 3-ps temporal delay between the reference and probe pulses imposes a 150 GHz-higher cutoff frequency. However, this upper limit could be pushed towards the THz by using a thinner crystal, an acousto-optical delay line [28] or a combination of several birefringent crystals [7, 29, 30] .
Compared with the Sagnac interferometer [10, 12] , the spatial splitting of a single probe pulse into two pulses has been replaced by the in-line generation of a pair of phase-locked pulses from a birefringent delay line. This original configuration allows a straightforward optical alignment since reference and probe arms are spatially overlapped all along the optical path. Furthermore, compared with the interferometer developed by van Dijk et al. [17] , the configuration we propose here is strongly simplified since we use one birefringent crystal only. In the van Dijk's configuration, an active control of the temperature of the birefringent crystals is required to ensure an optimal stability of the interferometer. In the reflection mode presented here, this active control is no longer needed, the interferometer then being entirely passive.
Modeling of the interferometer sensitivity
Let θ and φ denote the angles of the polarizer (Pol) and the quarter-wave plate (QWP), respectively. The Jones formalism [31] is well suited to predict in the (θ , φ ) space the optimum working point of this polarization based interferometer. This matrix approach has been used by van Dijk et al. for the transmission mode of their interferometer [17] . Extension of the modeling to the reflection mode is given hereinafter.
The electric field E in (amplitude E 0 ) of the pulse P I incident on the calcite crystal is linearly polarized at -45 degrees, −1) . All optical elements are modeled by their representative Jones matrices. The electric field of the pulse at the output of the polarizer results from the multiplication of the equivalent Jones matrix representative of the whole optical elements by the incident electric field E in . Compared with the van Dijk's configuration, two Jones matrices have to be added in the calculation. The first one accounts for the reflection on the sample and the second is associated to the half-wave plate HWP3 oriented at 45 degrees. As mentioned in the previous section, since pulses P R and P S are 3 ps-time delayed, the perturbations of the optical reflection coefficient of the sample detected by these two pulses for a given pump-probe delay τ are slightly different. The relative perturbation of the magnitude of an electric field reflected at a pump-probe delay τ is denoted ξ (τ). The perturbed reflected reference and probe electric fields are thus equal to E R (τ) = −r 0 E 0 [1 + ξ (τ)] and E S (τ) = r 0 E 0 [1 + ξ (τ + t 0 )], respectively. r 0 denotes the equilibrium reflection coefficient and t 0 = 3 ps is the temporal delay between pulses P R and P S . For a given pump-probe delay τ, two unknown complex valued parameters have to be determined, namely ξ (τ) and ξ (τ + t 0 ). However, by choosing a working point of the interferometer close to a dark fringe, it is possible to assess directly Δξ (τ) = ξ (τ + t 0 ) − ξ (τ) [17] . The intensity I at the output of the analyzer thus depends on θ , φ and Δξ (τ) only.
When the pump is switched off, i.e. for Δξ (τ) = 0, the pulse P O is linearly polarized at 45 degrees. In this specific case, a straightforward calculation shows that the intensity at the output of the polarizer is equal to I [θ , φ , Δξ (τ) = 0] = I 0 [1 + cos(2θ − 2φ ) sin 2φ ]/2, where I 0 stands for the intensity at the bright fringe. Figure 2(a) shows the evolution of I [θ , φ , Δξ (τ) = 0] in the (θ , φ ) space. For θ and φ ranging in the interval [0, π], dark fringes are located at (3π/4,π/4) and (3π/4,3π/4) and bright fringes are located at (π/4,π/4) and (π/4,3π/4). When the pump is switched on, the transient perturbation ΔI of the intensity I measured by the detector is defined as:
Inferring independently the real part Re (Δξ (τ) ) and the imaginary part Im(Δξ (τ)) of the perturbation is a priori not straightforward. For an arbitrary choice of θ and φ , the relative variation ΔI/I 0 carries information on Re[Δξ (τ)] and Im[Δξ (τ)] at the same time. As mentioned above, transient reflectivity measurements are performed close to a dark fringe to directly assess Δξ (τ) [17] . We discuss in the following the sensitivity to either the real part or the imaginary part of Δξ close to the dark fringe located at (θ , φ ) = (3π/4, 3π/4) (green square in Fig. 2 (a) ). Note that owing to a π/2-periodicity of I[θ , φ , Δξ (τ) = 0] with respect to φ , the analysis would be similar close to (θ , φ ) = (3π/4, π/4). ΔI/I 0 has been calculated at the first order in δ θ and δ φ, where θ = 3π/4 + δ θ and φ = 3π/4 + δ φ :
where A(θ , φ ) = δ φ and B(θ , φ ) = δ θ − δ φ. Figure 2(b) shows the evolution of A(θ , φ ) (top) and B(θ , φ ) (bottom) with respect to θ and φ . Two specific domains in the (θ , φ ) space can be identified from Eq. 2 and are shown in Fig. 2(b) 
Application to the interferometric detection of ultrafast acoustic waves
We illustrate the performances of the interferometer by investigating the opto-acoustic response up to 100 GHz of a submicronic tungsten layer deposited on top of a (100)-silicon substrate. Following the absorption of the pump pulse, the sudden thermal stress created in the sample generates high frequency acoustic waves in the GHz to THz range. These waves are detected through the transient perturbation of the optical reflection coefficient r 0 of the sample [21]. Except in specific cases [32] [33] [34] [35] [36] [37] , measurements sensitive to the intensity of the probe pulse bring information on the real part of the transient reflectivity [21] through photo-elastic coupling.
On the other hand, interferometric measurements allow resolving both the real and imaginary parts of the transient reflectivity [10, 12, 38] . The imaginary part is mainly sensitive to the displacement of interfaces in the sample. As explained in the previous sections, the interferometer presented here gives access to the temporal derivative of the perturbation, i.e. to the measurement either of the temporal derivative of the photo-elastic contribution (real part), or of the out-of-plane surface velocity of interfaces in the sample (imaginary part) [39, 40] . We first present the transient dynamics of the thin tungsten film detected by a direct measurement of the intensity of the probe pulse. This experimental configuration is called reflectometry in the following and is presented in Fig. 3(a) . For this purpose, the polarization of the incident pulse P I on the calcite crystal is set at 0 • . Thus, a single probe pulse is focused on the tungsten film. The resulting dynamics with respect to the pump-probe delay τ is plotted in Fig. 3(b) (dashed curve). The energy of the pump and probe pulses at the sample position are 1 nJ and 0.5 nJ, respectively. The sharp peak at τ = 0 is the signature of the almost instantaneous electronic response of tungsten [41] . Over the slow decaying thermal background after τ = 0, the acoustic echoes are detected periodically at the free surface of the film every ≈ 100 ps. They are the hallmark of the longitudinal acoustic wave bouncing back and forth in the thin film. The dashed curve in the inset of Fig. 3(b) shows the acoustic part of the reflectometric signal after subtraction of the thermal background. These echoes are detected by the single probe pulse through the photoelastic interaction over the optical penetration depth in tungsten. The temporal shape of the echoes is closely related to the strain profile inside the film [21] .
The opto-acoustic response of the thin film is now investigated with the common-path interferometer described in the previous sections [ Fig. 3(a) ]. For this purpose, the polarization of the incident pulse P I on the calcite crystal is turned to −45 degrees. Measurements presented in Fig. 3(b) have been performed close to the dark fringe located at (θ , φ ) = (3π/4, 3π/4). Accordingly with the analysis built in section 3 (cf Fig. 2 ) , we choose δ θ = 4 • and δ φ = 4 • to measure the temporal derivative of the real part of the transient reflectivity (grey continuous curve) and δ φ = 0 • and δ θ = 2 • to measure the temporal derivative of the imaginary part of the transient reflectivity (black continuous curve). As for measurements in reflectometry, an almost instantaneous electronic response followed by acoustic echoes over a thermal diffusion background are observed. The inset in Fig. 3(b) shows the acoustic part of the signals after subtraction of the thermal component. To allow a direct comparison of the transient dynamics measured in reflectometry and in interferometry, Fig. 3(b) is presented in arbitrary units. However, it is worth noting that the lowest value of ΔI/I 0 detectable with this interferometer is of the order of 10 −6 .
To analyze in more details the temporal shape of the echoes measured in interferometry, a magnification on the first acoustic echo is shown in Fig. 4 . The real part of the interferometric signal corresponds to the continuous curve in Fig. 4(a) while the dashed curve results from the numerical derivation of the first acoustic echo detected in reflectometry. The two curves have been normalized for the purpose of comparison. The very good agreement between the two curves confirms that the interferometer is sensitive to the derivative of the reflectometric signal along the working line δ θ = δ φ (cf Fig. 2 ). On the other hand, the continuous curve in Fig. 4(b) represents the imaginary part of the interferometric signal, while the dashed curve corresponds to its numerical integration over time. The bipolar signature of the detected out-ofplane surface velocity (continuous curve) is perfectly consistent with the monopolar signature of the displacement field, as expected at the free surface of the film (dashed curve) [42].
Conclusion
We have presented an in-line femtosecond common-path interferometer suited for experiments in reflection mode. A single birefringent crystal is used first to generate a pair of phase-locked pulses and second to recombine them and build interferences. The alignment of the interferometer is straightforward since probe and reference arms are spatially overlapped all along the optical path. Furthermore, this very compact interferometer is fully passive: No mechanical or thermal active stabilization is necessary. The analytical modeling developed in the framework of the Jones formalism has shown that the temporal derivative of the real or imaginary parts of the complex perturbed optical reflection coefficient can be measured independently. We have demonstrated the ability of the interferometer to be sensitive either to the acousto-optic interaction or to the ultrafast surface displacements have been demonstrated. These results are illustrative of the performances of the interferometer. Furthermore, the sensitivity to the ultrafast changes of the complex optical index will also allow to investigate semi-conductors or dielectric. The range of application of this interferometer will thus span the broader domain of laser-matter interaction.
